Altitude training is associated with changes in blood markers, which can confound results of the Athlete's Biological Passport (ABP). This meta-analysis aims to describe the fluctuations duringand post-altitude in key ABP variables; hemoglobin concentration ([Hb]), square-root transformed reticulocyte percentage (sqrt(retic%)) and the OFF-score.
| I N TR ODU C TI ON
Altitude training is a well-documented and applied method used to enhance endurance performance. Improvements are achieved, in part, by increases in maximal oxygen uptake, concomitant with a hypoxiainduced elevation of total hemoglobin mass (Hb mass ). 1 Altitude training is hence associated with changes in an athlete's hematological profile, and thereby presents as a confounding factor for not only sports medicine physicians but also within the hematological module of the antidoping tool, the Athlete Biological Passport (ABP). 2 The ABP paradigm is based on the knowledge that blood manipulations cause characteris- offense. However, a major drawback to the current ABP paradigm is that altitude training can elicit similar hematological fluctuations to those observed from blood doping, including recombinant erythropoietin (rHuEPO) abuse. [2] [3] [4] [5] Previous attempts to include altitude within the ABP algorithm were abandoned due to complexity. Altitude is currently flagged within the ABP by a set of questions, which asks athletes: (1) if they have sojourned at altitude any time two weeks prior the doping test, (2) the time, place and duration of the altitude exposure, and (3) whether the altitude was simulated or natural. The concept of individualized reference limits has been used within anti-doping practices since
2008. However, the concept may also be applied to (sports) medicine. 6 Elite athletes often present with unique physiologies, and therefore, improved knowledge of individual responses to hypoxia will not only clarify the analysis of an ABP profile influenced by altitude but enhance our ability to monitor an athletes' health status whilst altitude training.
A sojourn at altitude has been demonstrated to influence hematological parameters through two distinct mechanisms. First, an acute decrease in plasma volume is observed within hours to days of an ascent to high altitude, rapidly increasing hemoglobin concentration ([Hb] ) and the arterial oxygen content. 7, 8 Second, within 7-10 days an increase in red cell mass is likely to be detected, resulting from an increased production of erythropoietin (EPO) and reticulocytes. 8, 9 Exposure to altitude thus results in changes to key ABP variables, primarily, [Hb] , 10 percentage reticulocytes (retic%), [11] [12] [13] and the OFFscore (OFF-score 5 [Hb] (g/dL) 3 10 -60ͱretic%), where [Hb] and retic% are expected to increase and the OFF-score is expected to decrease.
14 Upon return to sea-level, a progressive down-regulation in erythropoiesis occurs through the re-adaptation of red cell mass to the new environment, (possibly aided by neocytolysis) resulting in a return to baseline levels for [Hb] and the OFF-score and expected decline below baseline levels for retic%. 15 Previously, two principal approaches to 2500 m, and for simulated altitudes (using a LHTL protocol), a minimum of 12-16 hours/day at 3000 m is required. 16, 17 A scientific review of the hematological changes observed during and after altitude is timely to quantify the effect of altitude on peripheral blood markers, exploring the differentiation of response between a natural change and a change caused by doping. This meta-analysis of published altitude experiments aims to present the observed changes in primary variables of the ABP, [Hb] , retic%, and the OFF-score, during-and post-altitude, in healthy lowlanders. In addition, a comparison between natural LHTH, and simulated LHTL altitude protocols will be made, as will the influence of sex and age. Improved knowledge of individual hematological responses to altitude will also aid sports physicians monitor an athlete's health status. 
| M E TH ODS

| Eligibility criteria
Only data published after 2000 on healthy lowlanders whose training history ranged from well-trained to elite were selected (training levels were prescribed within each individual publication). Participants were excluded if exposed to altitude in the two months prior to each respective research start date. Subjects must have been sleeping at altitudes > 1200 m (low altitude) for > 1 week. Venous blood must have been collected pre-, during-and/or post-hypoxic exposure. Studies which involved blood manipulation were not accepted, or only suitable subject groupings were accepted (for example, only control data from Garvican et al. 27 were included). The use of legal supplements (for example, iron supplementation) during the study protocol was accepted, as per the 2017 World Anti-Doping Agency (WADA) prohibited list. 34 Buchheit et al. 25 was removed from the final analysis as the pre-altitude samples were collected within 24 hour of a long-haul plane flight and the [Hb] baseline samples were likely influenced by the dehydrating effects of air travel. 35 Additionally, Garvican-Lewis et al. 20 was removed as this study was performed during a cycling stage race and as exercise-induced plasma volume fluctuations influence [Hb] , the effect of altitude vs. exercise could not be differentiated. 7 A single individual result was omitted from Wachsmuth et al. 24 as the subject was known to be ill, which was reflected in the hematological profile. One 32 and three 33 individuals were removed from two separate studies as they were iron deficient prior to the altitude investigation. Finally, four individual values from three studies 13, 28, 30 were influential outliers, most likely the result of analytical error, and removed. A summary of the data collection process is provided in the Supporting Information Figure S1 . The final analysis was performed on 17 individual altitude investigations (Table 1) . (g/dL).
| Statistics
The statistical program R, 37 with the nlme package, 38 was used to perform a linear mixed effects analysis of the relationship between the observed delta values in [Hb] , retic% and the OFF-score and various measures of exposure for both the "during" and "post" altitude phases.
All analyses for retic% were performed on the square-root scale (sqrt selected based primarily on its physiological feasibility, and then on its AIC (Akaike's Information Criterion; smaller is better) 39 and its residual standard deviation (again, smaller is better). Similar analyses were performed using the delta values of the three variables to estimate within-subject variability, with the best models per variable and altitude phase applied.
| R E SU LTS
| First two days at natural LHTH altitude (hemoglobin concentration only)
These data (n 5 52) were analyzed separately from the remaining 
| Off-score
The final model (n 5 277) included a quadratic expression in log(km.hr).
Additional fixed effects were sex (P 5 .001) and baseline values (P 5 .000), with an allowance for autocorrelation within subjects. OFFscore values appear to drop below baseline within the first 200 km.hr before increasing above baseline levels for values collected > 1000 km.
hr, however the range of individual variation is wide (Figure 1 ). The fixed effects in the final model explained (only) 7% of the total observed variation. The final model was fitted with quadratic terms in days post-altitude combined with an interaction with log(km.hr) and a continuous AR (1) correlation structure within subjects (n 5 258). Baseline sqrt(retic%) (P 5 .000), age (grouped as < or 20 years) (P 5 .000), and sex 
| Extreme change values in hemoglobin concentration
The extreme delta values for [Hb] , sqrt(retic%) and OFF-score for both during-and post-altitude phases are described in 
| Within-subject variance calculations
Estimates of the within-subject standard deviation estimates for delta
[Hb], sqrt(retic%) and OFF-score are given in the Supporting Information 
| D I SCUSSION
This meta-analysis describes the time course of the expected fluctuations in [Hb] and retic% and the resulting OFF-score variations both during-and post-altitude. A comprehensive review of the hematological response to hypoxia will allow both the ABP expert and sports physician to make a more informed decision on an athlete profile associated with altitude.
| First two days at natural altitude (LHTH)
During the first two days of natural altitude an increase in [Hb] was observed, most likely the result of a plasma volume contraction and hemoconcentration. 40 The known decrease in plasma volume during an ascent to altitude has been attributed (in part) to insufficient fluid replacement to offset a suppression of the renin-angiotension axis and increases in urinary, respiratory and transcutaneous fluid loss. 41 Previously, plasma volume has been found to decrease within two hours of altitude exposure (at 3600 m), and is regarded as a short term acclimation response designed to stabilize the arterial oxygen content. 8 The must be highlighted that the majority of LHTH studies were performed around 2500 m, while the majority of the LHTL studies were performed at 3000 m. The response of retic% to hypoxic stress was immediate, with an increase from baseline levels observed within the first 300 km.hr (Figure 1) , reflecting an increased rate of red cell turnover.
The retic% levels then returned to baseline, as supposedly the red cell mass had increased sufficiently to support optimal oxygen transport in the hypoxic environment. 43 [Hb] is predicted by WHO, nearly twofold larger than the increase predicted within this current meta-analysis (Figure 1) , 44 suggesting the WHO values may be too conservative in an anti-doping context (albeit other factors are taken into account when interpreting an ABP profile).
Although elevation is a determining factor of the magnitude of change, duration at altitude, altitude protocol, and also the population of interest must be specified when considering the hematological fluctuations at altitude. It thus remains essential that altitude protocol, elevation and duration be recorded when collecting an anti-doping sample associated with a sojourn at altitude to gain understanding of the altitude dose that the athlete had been exposed to. These factors must also be considered when planning an athlete's altitude training regime in order for the desired effects to be achieved.
| Post-altitude
Currently, an athlete undergoing anti-doping testing is required to answer a number of questions specifying whether or not they have been at altitude at any period two-weeks prior to providing the sample. suggested as a regulating mechanism of Hb mass when it is mal-adapted to its environment (i.e., in excess due to hypoxia). The sudden decreased in EPO on return to sea-level may result in the destruction of neocytes by reticuloendothelial phagocytes. 47 Although the exact mechanism of the decrease in retic% post-altitude remains equivocal it is of importance to note that the decline is indeed influenced by altitude dose, and the level of the red cell production at altitude is therefore most likely to be a key influencing factor.
Despite the post-altitude trends observed in both [Hb] and retic% the post-altitude OFF-score values were ambiguous ( Figure 2 ). This is most likely a reflection of the data set where 80% was collected within the first seven days upon return to sea-level. Further research into the hematological response postaltitude is therefore recommended. However, the minimum two-week threshold for reporting altitude should be maintained for any anti-doping sample.
| Baseline values
Baseline values were found to be a highly significant covariate in the analysis of all three variables both during-and post-altitude, with
higher baseline values more likely to be associated with a smaller change value at altitude (Supporting Information Figure S3 ). High base- 43 For example, four individuals were known to be iron deficient at baseline and removed from this meta-analysis due to irregular response patterns. Recording accurate baseline samples is thus integral to ensure the true hematological response to altitude is recorded so a precise assessment can be made by the sports physician.
The altitude at which the baseline measure was collected should also be considered when analyzing the influence of altitude. Three studies collected pre-values at 1200 m (involving 4 days of initial testing), which appeared to influence the retic% response, resulting in smaller change values. 11, 13, 30 It may be that this low altitude stimulated erythropoiesis prematurely, resulting in higher retic% baseline values and thus smaller than expected delta values during-and post-altitude.
Although the data are limited, this highlights the importance of recording the location of the baseline sample collection.
| Maximum changes and within-subject variability
The ABP is an individual-based anti-doping approach, a superior method because it caters for genetically unique individuals. This individualized approach also has applications when monitoring an ath- Individual studies support the notion that altitude improves performance, but not necessarily for all athletes, [49] [50] [51] and the response within an individual can also vary. 52 Here, a small number of extreme individual delta values for [Hb] , sqrt(retic%) and OFF-score were observed (representing 1% of the data) which fell both well above and below baseline levels ( Table 2) . A number of possible factors may contribute to these extreme delta values, beyond the influence of altitude.
First, training load or fatigue may be a factor, although this was controlled in most studies, athletes may still be tempted to train beyond their normal volumes in the performance testing setting. 7, 53 Further, hematological assessments performed on a rest-day may influence the result. 54 Timing of the blood withdrawal will also be influenced by the circadian rhythm of [Hb] and retic%, 55 however, within this metaanalysis, the timing of the blood withdrawals varied between studies so no definitive conclusions can be made. Differences between studies in temperature and seasonal variation are not considered here but can influence the results. 7 Finally, hydration status of the athlete was not controlled and is also a potential confounding factor. 56 Although most of these factors are controlled for within the ABP paradigm, with strict sample collection protocols (for example, a controlled length time for tourniquet use) and requirements for athletes to refrain from exercise two hours prior to testing, the altitude studies contributing data to this meta-analysis were not strictly anti-doping related, and therefore, the majority did not follow WADA protocol. The low proportion of the overall variation described by fixed effects components of the fitted models highlights the multifaceted response triggered by altitude and the associated training adaptations. Therefore, the hematological fluctuations presented here must be considered with caution. (Figures 1 and 2) . Interestingly, the within-subject SD for retic% (and to an extent the OFF-score withinsubject SD) was greater in females compared to males. The female menstrual cycle may in part influence this; however, female data were limited within this meta-analysis, and further research into the difference in response to hypoxia by sex may be of value. The range of individual variation demonstrated within this meta-analysis highlights the complexity of the hematological response associated with altitude. Previous attempts to introduce altitude into the ABP algorithms were abandoned due to this issue of complexity. The multifaceted components associated with altitude (resulting in various hematological shifts)
confirm that altitude, as a single factor, cannot effectively be entered within the ABP Bayesian network due to this issue of complexity.
However, a combination of the current ABP paradigm and reviews of the altitude literature, as presented here, will allow experts to make more informed individual decisions.
| Limitations
A wide-range of hematology analyzers were used across the 17 altitude studies (ADVIA 120, Sysmex XT 2000i, Sysmex SE9000 and Sysmex XE2100). Studies performed post 2000 were chosen to limit the influence of analytical variability stemming from analyzer technology. In addition, sample handling was not standardized across the studies and the number of times a single sample was analyzed was often not specified. Data on training load were not collected for this meta-analysis, although most studies controlled load. Furthermore, it cannot be confirmed that all participants were clean of performance-enhancing drugs, although all studies assumed their participants to be clean. The results presented here must therefore be considered with caution as other factors, besides an altitude effect, may contribute to the observed changes in peripheral blood markers.
| Conclusion
The Retic% and the OFF-score were the first markers to describe the erythrocyte response to altitude.
Altitude protocol (LHTH vs. LHTL), elevation and duration must be specified.
Altitude remains an influencing factor to hematological variation up to two weeks post-altitude.
Altitude dose (as km.hr) is proportional to the observed decline in post-altitude retic% values.
Baseline levels influence subsequent delta values in [Hb] , retic% and the OFF-score.
A wide range of individual responses to altitude was observed.
